Abstract-The ability of agricultural management practices to reduce the ecological risks of pesticides was evaluated. Risk quotients, a mathematical description of the relationship between exposure and toxicity, and hazard ratings, a rank of the potential risk of pesticides to aquatic environments, were calculated for conventional and alternative cultivation practices for tomatoes: Poly-Bare, raised beds covered with polyethylene mulch with bare-soil furrows; Poly-Rye, raised beds covered with polyethylene mulch with cereal rye (Secale cereale) grown in the furrows; and Vetch, raised beds and furrows planted with hairy vetch seed (Vicio vu/usa). Evaluations were conducted using measured pesticide concentrations in runoff at the edge-of-field and estimated environmental concentrations in an adjacent creek and a theoretical pond receiving the runoff. Runoff from Poly-Bare presented the greatest risk to ecosystem health and to sensitive organisms, whereas the use of Vetch minimized these risks. Previous studies have shown that harvest yields were maintained and that runoff volume, soil loss, and off-site transport of pesticides measured in runoff were reduced using the alternative management practices (Poly-Rye and Vetch). Together, these results indicate that the alternative management practices (Poly-Rye and Vetch) have a less adverse impact on the environment than the conventional management practice (PolyBare) while providing growers with an acceptable economic return. In addition, the present study demonstrates the need to consider the management practice when assessing the potential risks and hazards for certain pesticides.
INTRODUCTION
Pesticide use in agricultural production systems and their effects on human and environmental health have been of public concern for many years. Much research has focused on quantifying the potential risks posed by pesticide use, including transport beyond the intended target. In the United States, risk assessment procedures for pesticides frequently have focused on meeting the requirements for pesticide registration as described in the Federal Insecticide, Fungicide, and Rodenticide Act and in the Food Quality Protection Act (http://www.epa. gov/pesticides/regulating/laws.htm) . The pesticide registration process in the European Union also requires risk information, and researchers have made significant contributions in modeling potential fate pathways and estimating the potential exposures [1] [2] [3] [4] . Policy makers, producers, and regulators then develop strategies to mitigate these calculated and/or estimated risks.
A range of detailed approaches has been developed to assess the potential risks of pesticides as they are transported away from the crops [5] [6] [7] [8] [9] . Regulators typically use a tiered approach to risk assessment and frequently need to overestimate exposure and toxicity, because not all the parameters controlling pesticide fate and bioavailability are readily quantified. Often, strategies to mitigate the identified potential and documented negative effects of pesticides need to be developed on a case-by-case basis. These strategies need to consider the properties of the pesticide product, commodity end points, cultivation practices, surrounding ecosystems, and both organism and human health.
One of the most economically important vegetables grown in the United States is the tomato, with annual average yields of 1.6 and 8.9 billion kg for fresh-market and processing tomatoes, respectively, at an estimated value of nearly $2 billion [10] . A cultivation method widely accepted by vegetable producers and growers is the use of polyethylene mulch, in which a thin sheet of black plastic is placed over a raised bed with bare-soil furrows between the beds. In 1996, polyethylene mulch was used on an estimated 47.4 km2 of Virginia farmland, much of it located in the Chesapeake Bay watershed (USA) [11] . Polyethylene mulch is a preferred practice, because it can control weeds, warm the soil, and prevent soil from depositing on the crops. Nearly 50 to 75% of the field, however, is covered with an impervious surface, which reduces water infiltration, enhances runoff, and can lead to significant negative environmental effects [12] [13] [14] . For example, runoff from polyethylene mulch has been implicated in the failure of commercial shellfish farms [15] . Furthermore, greater runoff volumes, soil erosion, and pesticide losses have been observed from fields and plots where polyethylene mulch was used when compared to other cultivation methods [16] [17] [18] [19] .
To address the environmental aspects of plastic mulch, two field experiments were conducted over five years to examine two alternative management strategies. In the first experiment, tomatoes were grown in raised beds covered in polyethylene mulch with bare-soil furrows between the beds (Poly-Bare) and then compared to tomatoes grown in plots completely covered with a vegetative residue mulch (Vetch) from the cover crop, hairy vetch (Vicia vu/usa Roth). In the second experi- melt, the Poly-Bare system was compared to tomatoes grown in raised beds covered in polyethylene mulch with a vegetative mulch (cereal rye ISecale cereale]) covering the soil in the furrows between the beds (Poly-Rye).
Throughout the growing seasons, runoff from precipitation and simulated rain events was measured, collected, and analyzed for soil loss and pesticide residues. The results from each runoff event have been reported elsewhere [16-l9] . Overall. maintaining the polyethylene mulch while replacing baresoil furrows with cereal rye-planted furrows reduced runoff volumes by more than 40%, soil erosion by more than 80%, and insecticide and fungicide losses by 48 to 74%. Substitution of vegetative residue mulch in place of the polyethylene mulch reduced runoff volume, soil, and pesticide losses by 61, 88, and 73 to 93%, respectively. Although the environmental benefits gained by the use of Poly-Rye and Vetch have been demonstrated, one of the most important factors controlling adoption of an alternative management practice is its effect on harvest yield. In addition to the environmental data, yields were measured over the course of the five years of the field experiments. Some differences were observed in yields between years, which were reflective of climate variability, but no significant differences in yield were found between management practices 118,20].
In each experiment, several pesticides (endosulfan, chlorothalonil, esfenvalerate, and copper hydroxide) were applied every week to 10 d in the latter half of the season to protect the fruit, as is customary practice in the mid-Atlantic region of the United States. These pesticides have a wide range of toxicological effects on aquatic organisms that are common to this region. and the present study assessed all three cultivation practices (Poly-Bare, Poly-Rye, and Vetch) relative to the potential effects from the organic pesticide residues contained in the runoff on organisms and the surrounding ecosystem. Using the data acquired in previous studies, changes in potential risks were estimated with respect to pesticide residues in runoff at the edge of the field, in an adjacent creek, and in a theoretical pond with dimensions similar to that used in the U.S. Environmental Protection Agency (U.S. EPA) model PRZM-EXAMS (pesticide root zone model-exposure analysis modeling system; http:/lwww.epa.gov/oppefedl/models/ water). The results of this analysis will provide environmental scientists, producers, regulators, and other interested groups with comparative risk information to allow informed management and regulatory decisions that will protect aquatic species as well as soil and water resources.
MATERIALS AND METHODS

Field experiments
Three cultivation practices for tomato production were considered in the present study. Side-by-side comparisons of PolyBare and Vetch were evaluated during three growing seasons (seasons A, B, and C), and side-by-side comparisons of PolyBare and Poly-Rye were evaluated for two growing seasons (seasons D and E) [16, 19] .
Site description
Runoff water was collected from tomato plots located on a study site at the Henry A. Wallace Beltsville Agricultural Research Center (Beltsville, MD, USA). This site was chosen for its relatively high slope (5-7%) to facilitate the collection of runoff water from each individual plot. The 2,500-m 2 field, comprised of Mattapex silt loam (fine-silty, mixed, mesic Aquic Hapludults, with 1.3-1.6% organic carbon content), was divided into 16 plots. A randomized complete block design was used to assign eight plots to tomato production (four plots to Poly-Bare, and four plots to either Vetch for the first experiment and Poly-Rye for the second experiment), and the remaining eight plots were planted with sweet corn (Zea mavs). Tomato and corn plots were rotated yearly during the entire project to reduce pest pressure.
Each tomato plot contained four raised beds (height, 15 cm; length, 27 m; width, 0.9 m; distance between the centers of consecutive beds, 1.5 m) covered with black polyethylene or hairy vetch prepared in a north-south direction. Earthen berms were constructed around each plot to prevent water movement between the plots and to capture runoff from only the three central rows within each four-bed tomato plot.
General management practices
Sunbeam tomato plant (Lvcopersicon esculentum Mill) seedlings were transplanted to the center of each bed during mid-May. Urea fertilizer was dissolved in water and applied to the plots through a drip-line irrigation system. Pesticides monitored in the experiments were as follows: Asana7 XL insecticide (DuPont, Wilmington, DE, USA), containing 8 Table I .
Reducing ecological risk of runoff from vegetable production Environ. Toxicol. Chew. 26, 2007 2457 Precipitation and runoff events A tipping-bucket rain gauge was used to measure the time and intensity of each precipitation event. Automated runoff samplers (model 6700; Isco, Lincoln, NE, USA) installed at the edge of each plot were equipped with a bubbler flow module (model 730) and were programmed to collect samples on a flow-weighted (volume) basis as runoff was directed through a fiberglass H-flume. Runoff samples were characterized in terms of total suspended solids and dissolved-and particulatephase pesticides. Pesticide residue concentrations were measured with a gas chromatograph equipped with a mass spectrometer as described in detail by Rice et al. 116, 191 .
Analysis of variance was used to determine the significance of differences in runoff volume, soil loss, and pesticide concentrations and loads for individual runoff events from the evaluated management practices. Significant reductions in runoff volume, soil loss, and pesticide concentration and loads were observed for both Vetch and Poly-Rye relative to PolyBare. Detailed information regarding the statistical analysis of individual runoff events, sample preparation, extraction, and analysis have been presented elsewhere [16] [17] [18] [19] . In the present study, seasonal and multiseasonal averages were used to evaluate pesticide concentration and potential risk reduction with different management practices.
Calculating risks
The relative toxicity of surface waters containing pesticides was determined using runoff measurements from edge-of-field and two theoretical surface water systems: A creek receiving direct edge-of-field runoff, where dilutions are based on reported concentrations, and a theoretical pond used by PRZM-EXAMS, which is used to estimate exposure. Pesticide concentrations in the surface waters were extrapolated from measured edge-of-field runoff and do not account for sorption, degradation, or bioavailability of the pesticide.
Edge-of-field runoff
Pesticide loads (jig/ha) from edge-of-field runoff were calculated from measured runoff volumes (LIha), quantity of filterable suspended particulates in the runoff (gIL), pesticide concentrations in the filtered runoff (ji.g/L), and quantity of pesticides extracted from the suspended particulates (p.g/g). In the present study, all data are reported as total pesticide concentrations or loads (i.e., the sum of the dissolved and particulate phases).
Chlorothalonil was applied four to seven times, and endosulfan and esfenvalerate were applied two or three times, during the tomato-growing season. The intensity and duration of the precipitation causing runoff varied with each season, producing 12 to 16 runoff events ranging from 0.5 to 73 mm of rainfall. The duration of time between pesticide application and precipitation events ranged from hours to 7 d for the first event after application and to as much as 25 d for subsequent runoff events. Average pesticide concentrations and loads were derived from the first runoff events following pesticide application over the course of the growing season for each of the years for which the cultivation practice was evaluated (PolyBare, five-season average; Poly-Rye. two-season average; Vetch, three-season average). Only the first runoff events were considered to ensure that the difference in pesticide concentration measured in the runoff was the result of variations in management practices rather than chemical degradation or dilution. In addition, for each cultivation practice, the smallest and largest runoff events were removed before calculating the average concentration or load. This was done to minimiie potential skewing of the average values as a result of an extreme runoff event and inherent variability in the annual precipitation.
To compare all three management practices without annual precipitation biases, the measured edge-of-field pesticide concentrations for Poly-Rye and Vetch were normalized relative to the five-season average concentrations measured for PolyBare. This was done using percentage reductions in the pesticide loads observed between Poly-Bare and Poly-Rye in the two-season study and between Poly-Bare and Vetch in the three-season study (Poly-Rye: 49, 59, and 71% load reduction for chlorothalonil. endosulfan, and esfenvalerate. respectively; Vetch: 93, 76, and 82% load reduction for chlorothalonil, endosulfan, and esfenvalerate. respectively). For example, the five-season Poly-Bare chlorothalonil concentration (1.040 p.g/L) was multiplied by ((100% -49% reduction in load)! 100%) to give the normalized chlorothalonil edge-of-field concentration for Poly-Rye (530 p.g/L). Percentage reduction in pesticide load was used rather than percentage reduction in pesticide concentration, because load, unlike concentration, accounts for overall mass differences resulting from changes in both runoff volumes and quantity of soil lost with runoff.
Receiving surface water body
Creek. Dietrich and Gallagher 1131 measured dissolved copper concentrations in runoff from tomato fields managed with Poly-Bare at the edge-of-field and in an adjacent creek receiving the runoff; concentrations ranged from 20 to 236 jig/L in the edge-of-field runoff and were as high as 20 jig!L in a nearby creek. Dilution ratios (pesticide concentration in the runoff water to pesticide concentration in the creek) were calculated using the lowest, highest, and average measured concentrations observed by Dietrich and Gallagher. All possible combinations of the lowest, highest, and average chemical concentrations for the edge-of-field runoff and receiving surface water were compared to produce nine dilution ratios, ranging from a 1:1 dilution to a 1:236 dilution. The median dilution ratio for the observations by Dietrich and Gallagher was 1:15. Thus, in the present study, a 1:15 dilution was used to provide environmentally realistic pesticide concentrations in a creek from the five-season average of the edgeof-field pesticide measurements in runoff collected from the Poly-Bare experiments.
An extensive literature search afforded no similar dilution factor for Poly-Rye and Vetch. Although edge-of-field concentrations for the Poly-Rye and Vetch management practices also were measured in our field experiments, using the 1:15 dilution cited above to calculate surface water concentrations would not be appropriate for the following reason: In the field studies, the total pesticide loads that were transported off-site in the runoff from Poly-Rye and Vetch were significantly less than the total pesticide loads in the runoff from Poly-Bare. This reduction was primarily the result of smaller runoff volumes and less total soil lost as opposed to a decrease in the pesticide concentration in the runoff [16] [17] [18] [19] . Unlike concentration, load accounts for overall mass differences resulting from changes in both runoff volumes and quantity of soil lost with runoff. Therefore, the average pesticide concentration values for Poly-Rye and Vetch were based on calculations using the percentage reductions in pesticide load relative to Poly- -ofl. I o.uuol. (lie,,, Theoretical pond. Edge-of-field concentrations were converted to theoretical pond concentrations (i.e., runoff from a 10-ha area draining into a pond with a 1-ha surface area and a 2-rn depth). These dimensions were chosen because they are the same dimensions used for the theoretical pond in PRZM-EXAMS. This was accomplished by calculating the total pesticide load of each pesticide for each cultivation practice given the parameters of the plots used in the field experiment. The load was then extrapolated to determine the total load for each pesticide from a 10-ha field. Next, the total mass for each pesticide was divided by the total volume of the theoretical pond to give the estimated environmental concentration (EEC).
RESULTS AND DISCUSSION
Field experiments
Runoff volume. Seasonal runoff water losses were 1.7-and 3.0-fold less from Poly-Rye plots than from Poly-Bare plots (seasons D and E) and 2.0-to 4.0-fold less from Vetch plots than from Poly-Bare plots (seasons A, B. and C) (Fig. I) . The reduction of runoff volume in the Poly-Rye plots relative to the Poly-Bare plots may be caused by the presumed increase in water demand and reduction of soil moisture within the furrows caused by the living vegetation. More likely, however, the cereal rye residues can dissipate raindrop energy and increase surface roughness, both of which will reduce the velocity of surface runoff, allowing greater infiltration within the furrows 121,221. Elimination of the polyethylene mulch altogether and use of vegetative residue mulch on the beds and in the furrows (Vetch) reduced runoff volumes by an additional 6 to 8% as a result of greater infiltration as well as an increased infiltration area associated with the Vetch plots, because the impervious surface is not used.
Soil erosion. Seasonal soil loads in the runoff were based P.J. Rice et al. on soil loss data, which were determined by quantifying the mass of filterable suspended solids per volume of runoff, the total volume of runoff water collected per plot per runoff event, and the size of each plot. Use of vegetative furrows (PolyRye) reduced the seasonal soil losses by five-and eightfold compared with that from the Poly-Bare plots (seasons D and E), whereas use of vegetative residue mulch (Vetch) in place of polyethylene mulch reduced seasonal soil loads with runoff by 4-to 15-fold compared with that of the conventional polyethylene mulch management practice (Poly-Bare; seasons A, B, and C) (Fig. 2) . The significant reduction in soil erosion from the both Poly-Rye and Vetch likely is the result of the vegetative residues dissipating raindrop energy and the anchoring characteristics of plant roots providing increased structural stability in the vegetated soil [21] [22] [23] [24] . These factors contribute to reduced runoff velocity, greater infiltration, reduced runoff volume, and significant reduction of soil particulates transported with runoff.
Evaluation of risks
Toxicity data. The toxicity of compounds to organisms can be measured by various end points, such as lethality and behavioral, reproductive, and developmental effects. A common and more readily quantifiable end point used in risk assessments is the median lethal concentration (LC50; i.e., the concentration of compound that results in a mortality of 50% of the exposed organisms during a measured exposure period). A summary of numerous toxicity studies reporting LC50s of chiorothalonil, endosulfan, and esfenvalerate for fish, crustaceans, mollusks, and amphibians is presented in Table 2 .
Using the LC50 data presented in Table 2 , we are able to compare the relative toxicity of chlorothalonil, endosulfan, and/or esfenvalerate to a particular organism. Esfenvalerate was 3-to 17-fold more toxic than endosulfan, and endosulfan was 3-to 125-fold more toxic than chlorothalonil. The exceptions to this generalization are the waterflea (Daphnia magna) and bog frog (Rana limnocharis). For the waterflea, endosulfan (2-d LC50, 220 i.g/L) is less toxic than chlorothalonil (2- Reduced risk of edge-of-field runoff. Average edge-of-field pesticide concentrations for Poly-Bare were 1,040 p.gIL for chlorothalonil, 371 J.g/L for endosulfan, and 52 1g/L for esfenvalerate, which exceeds the LC50 for all organisms reported (Tables 2 and 3 ). Implementation of Poly-Rye and Vetch reduced average edge-of-field concentrations sufficiently to bring the concentrations of endosulfan and esfenvalerate to less than the 2-d LC50 for D. magna and R. limnocharis, respectively (Fig. 3) . Although Poly-Rye did reduce chlorothalonil concentrations by 49% relative to Poly-Bare, this did not change the relative toxicity, because the average edge-offield concentration of chlorothalonil with Poly-Rye (530 pg/ L) still exceeded the LC50s for all the aquatic organisms evaluated. The 93% reduction of chiorothalonil concentration with the Vetch system, however, did reduce the average edge-offield concentration (73 sgIL) to a level below the LC50 for four of the evaluated fin-fish, two crustaceans. and two amphibians having 1-, 2-, and 4-d LC50s ranging from 88 to 245 1igIL.
Reduced risk of surface waters. Pesticide concentrations in surface waters (adjacent creek) corresponding to a 1:15 dilution of the runoff were reduced in the Poly-Rye management practice relative to Poly-Bare, bringing chlorothalonil and endosulfan concentrations to less than the LC50 for a number of the organisms evaluated (Poly-Rye, 1:15 dilution: chlorothalonil, 35 sgIL: endosulfan, 10 [ig/L; esfenvalerate. 1.0 sgIL) (Fig. 4) . Replacement of the polyethylene mulch with vegetative mulch (Vetch) further reduced pesticide concentrations (Vetch, 1:15 dilution: chlorothalonil, 4.9 p.g/L: endosulfan. 5.9 jig/L; esfenvalerate, 0.6 p.g/L), which lowered chlorothalonil concentrations to levels below the LC50 for all organisms evaluated and endosulfan concentrations to less than the LC50 for Orvzias latipes. With the exception of R. urnnocharis (LC50 for esfenvalerate, 28 pgIL), esfenvalerate concentrations remained greater than the LC50 for all organisms evaluated with all management practices ( Table 2 and Fig. 4) .
As expected, the theoretical pond had the lowest surface water concentrations: chlorothalonil, 18j ig/L; endosulfan. 4 [lgIL: and esfenvalerate, 2jig/L. Even at these low concentrations, pesticide levels associated with surface waters receiving Poly-Bare runoff exceeded the LC50s for four fin-fish and two crustaceans (Fig. 5 and Table 2 ). With one exception (Poly-Rye, theoretical pond: endosulfan. 1.5 jig/L: LC50 for endosulfan in Misgurnus anguillicaudatus, 1.2 p.gIL), replacing bare-soil furrows (Poly-Bare) with vegetated furrows (Poly-Rye) or substituting polyethylene mulch with vegetative mulch (Vetch) reduced surface water concentrations of chlorothalonil, endosulfan, and esfenvalerate to levels below the LC50 of all organisms evaluated.
Risk quotient and hazard ratings. Ecological risk can be evaluated using several approaches, two of which include calculation of a risk quotient (RQ: http://www.epa.gov/ oscpmon t/sap/meetings/2001/march/aquatiC.pdf) and determination of a hazard rating (HR) system 25, 26] . Both are bo'i,-wz. /O.VICO/. Chem. 26. 2007 P.J. Rice et al. EEC = pesticide concentrations in edge-of-field runoff; creek = 1:15 dilution of edge-of-field runoff; theoretical pond assumes runoff from 10-ha area draining into a pond with a I-ha surface area and a 2-rn depth. Poly-Bare = polyethylene covered beds and bare-soil furrows; PolyRye = polyethylene covered beds and cereal rye furrows; Vetch = hairy vetch covered beds and furrows. RQ = EECILC50; RQ evaluates the relative risk of a pesticide to an aquatic organism. HR = HRC•ECC; HR ranks relative risk of a pesticide to an aquatic environment.
quantitative approaches developed to assess or to rank the potential of the pesticides to affect aquatic organisms and ecosystems, respectively. An RQ is the ratio of an EEC of a chemical relative to the toxicological end point. The toxicological end point is defined as the LC50 for an acute RQ and no-observed-effect concentration (NOEC) for a chronic RQ. These definitions give rise to the following equations: RQacute = EEC/LC50, and RQc ronc = EEC/NOEC. Only acute RQs are considered in the current analysis. The U.S. EPA risk characterization guidelines define the resultant RQs as being above or below the level of concern (LOC) for acute high risk (0.5), acute restricted use (0. 1), and acute endangered species (0.05).
Risk quotients were calculated and shown in Table 3 . Rainbow trout (0. mykiss) exposed to chiorothalonil and endosul- Table 2 . Capital letters associated with the LC50 correspond to letters given in the first column of Table 2 , which provides the toxicological data in greater detail. Poly-Bare = raised beds covered with polyethylene mulch and bare-soil furrows; Poly-Rye = and esfenvalerate in a creek receiving runoff water from vegetable production using three management practices. Median lethal concentrations (LC50s; Vg/L) represent toxicological endpoints of sensitive species presented in Table 2 . Capital letters associated with the LC50 correspond to letters given in the first column of Table 2 , which provides the toxicological data in greater detail. Poly-Bare = raised beds covered with polyethylene mulch and bare-soil furrows; PolyRye = raised beds covered with polyethylene mulch and cereal rye (Secale cereale) grown in the furrows; Vetch = vegetative residue mulch (Vicia villosa) in the furrows and on the raised beds.
fan and fathead minnow (P. promelas) exposed to esfenvalerate were used in calculating these values, because these fish were the most sensitive aquatic organisms evaluated in Table  2 . For Poly-Bare, the RQs for chlorothalonil (1.0-99), for endosulfan (1.4-1,240), and for esfenvalerate (5.0-259) in the edge-of-field runoff, in the creek, and in the theoretical pond exceeded the LOC for acute high risk, acute restricted use, and acute endangered species. Implementation of Poly-Rye reduced the RQs relative to those with Poly-Bare: however, only the RQ calculated for esfenvalerate in the theoretical pond was less than the LOC for acute high risk and acute restricted use. Substitution of Vetch resulted in RQs below the LOC for the acute high risk for all three chemicals in the theoretical pond and below the LOC for the acute restricted use for chlorothalonil and endosulfan in the theoretical pond. The HR system was developed using four environmental parameters-soil half-life, bioconcentration potential based on the octanol-water partition coefficient, LC50 of fish, and LC50 of crustaceans-and is used to calculate coefficients for ranking pesticides according to their potential to affect aquatic environments 27.28] . For the three pesticides evaluated, endosulfan has the highest coefficient value (42.8), followed by esfenvalerate (22.15) . Chlorothalonil displayed a much lower potential risk (2.6). A relative comparison of potential hazard of the three pesticides to affect aquatic environments as a function of management practices may be obtained by mul- Table 2 . Capital letters associated with the LC50 correspond to letters given in the first column of Table 2 , which provides the toxicological data in greater detail. Poly-Bare = raised beds covered with polyethylene mulch and bare-soil furrows; Poly-Rye = raised beds covered with polyethylene mulch and cereal rye (Secale cereale) grown in the furrows; Vetch = vegetative residue mulch (Vit-ja villosa) in the furrows and on the raised beds. tiplying these coefficients by the observed or estimated environmental concentrations. Table 3 shows that a similar trend was observed in the hazard potential to the ecosystem health, as was noted in the RQs for the most sensitive organisms. A substantial reduction in hazard potential was noted for all chemicals with the Vetch system and for esfenvalerate with Poly-Rye. Adding vegetation to the bare-soil furrows between polyethylene mulch decreases the hazard potential by more than 50% for all pesticides. Substituting polyethylene mulch with vegetative mulch decreased the risk by nearly one to two orders of magnitude.
P.J. Rice et a).
CONCLUSION
Previous studies have demonstrated that soil loss, runoff volumes, and concentrations of pesticide residues from vegetable production are reduced substantially when vegetative mulches and buffers are used [16] [17] [18] [19] . Similar trends were observed in the RQs and HR calculations. In the assessments of the present study, endosulfan presented the greatest potential risk. Runoff from Poly-Bare presents the greatest potential risk to sensitive organisms (RQs) and to ecosystem health (HR), whereas the use of Vetch minimizes these risks the most. Furthermore, the change to vegetative mulches afforded no concomitant change in yield [18] [19] [20] .
Runoff from vegetable production using polyethylene mulch with bare-soil furrows has been implicated in the failure of commercial shellfish farms in the mid-Atlantic region of the United States [151. Recent field studies in this region as well as toxicological experiments and evaluations have suggested that fungicidal copper residues and/or toxic soil particles from the fields may have a role in causing the mortality of the shellfish downstream, especially because shellfish filter considerable amounts of particulates and sediment [1]- 13, 15, 28, 29] . The current evaluation suggests that several of the other pesticides also may contribute to the decline of ecosystem health, particularly endosulfan and esfenvalerate, because they are more likely to partition with soil particles and have high hazard coefficients. Furthermore, these compounds often are tank-mixed and applied with the copper. These calculations do not address the potential synergistic interactions between pesticides that may enhance the toxicity of certain pesticides; other ecosystem components, such as phytoplankton, submerged aquatic vegetation, wading birds, and aquatic mammals; or the potential effects on the specific stages within the life cycle of species [30, 31] .
